Sulfate is covalently linked to the oligosaccharides on the a and 1 subunits of bovine lutropin (luteinizing hormone; LH) but not to those on human chorionic gonadotropin (hCG). Since the amino acid sequences of the pituitary and placental a subunits are homologous, comparison of their asparagine-linked sugars can provide information regarding tissue specificity of oligosaccharide maturation. To The glycoprotein hormones lutropin (luteinizing hormone; LH) and human chorionic gonadotropin (hCG) consist of two noncovalently joined polypeptide chains, the a and 13 subunits. Although LH is synthesized in the anterior pituitary and hCG in the placenta, the amino acid sequences of the a subunits are essentially identical within a given mammalian species, and they are closely homologous between species (1). The structures of the asparagine-linked oligosaccharides of these hormones differ, however, depending on the tissue of origin. Bovine (2) and ovine (3) a and ,B subunits of LH bear sulfated N-acetylglucosamine (GlcNAc) and sulfated N-acetylgalactosamine (GalNAc) residues at the nonreducing termini of the oligosaccharide chains. In contrast, the oligosaccharides of hCG a and 1 subunits contain terminal sialic acid residues (4, 5) and no sulfate. Although these comparative studies involved peptide hormones derived from different species, they suggest that some step(s) in the synthesis of sulfated, rather than sialylated, oligosaccharides on similar a subunits is tissue specific. 24 hr, and total products were precipitated with 10% (wt/vol) trichloroacetic acid and analyzed by NaDodSO4/ PAGE (7).
3'-phosphoadenosine 5'-phospho[35S]sulfate, which is generated from [35Sjsulfate by a ribosome-free supernate from Krebs ascites tumor cells. LH is sulfated by pituitary and liver membranes but not by those from placenta. Desialylated hCG (AshCG) is sulfated by membranes from placenta and pituitary, but not liver, while hCG is not sulfated by any of these membranes. Endoglycosidase F releases all the incorporated sulfate from LH in the form of a heterogeneous mixture of mono-and disulfated oligosaccharides. In contrast, the sulfate added to AshCG is apparently attached to peptide rather than oligosaccharide. As found with the cell-free system, sulfate metabolically incorporated into LH by pituitary cells is present on a heterogeneous population of mono-and disulfated oligosaccharides. Thus the cell-free sulfation system accurately duplicates the in vivo process.
The glycoprotein hormones lutropin (luteinizing hormone; LH) and human chorionic gonadotropin (hCG) consist of two noncovalently joined polypeptide chains, the a and 13 subunits. Although LH is synthesized in the anterior pituitary and hCG in the placenta, the amino acid sequences of the a subunits are essentially identical within a given mammalian species, and they are closely homologous between species (1) . The structures of the asparagine-linked oligosaccharides of these hormones differ, however, depending on the tissue of origin. Bovine (2) and ovine (3) a and ,B subunits of LH bear sulfated N-acetylglucosamine (GlcNAc) and sulfated N-acetylgalactosamine (GalNAc) residues at the nonreducing termini of the oligosaccharide chains. In contrast, the oligosaccharides of hCG a and 1 subunits contain terminal sialic acid residues (4, 5) and no sulfate. Although these comparative studies involved peptide hormones derived from different species, they suggest that some step(s) in the synthesis of sulfated, rather than sialylated, oligosaccharides on similar a subunits is tissue specific.
The oligosaccharides of LH can be metabolically labeled with [35S] sulfate by using slices of bovine or rat pituitary (6) .
To elucidate the structures of the sulfated oligosaccharides, and to define the tissue specificity of this post-translational modification, we developed a reconstituted cell-free sulfation system containing Golgi membranes, ribosome-free Denaturation of LH by boiling in the presence of 2-mercaptoethanol and Triton (lane 9) has no effect on labeling. Immunoprecipitation with LH-specific antiserum and analysis of tryptic peptides of the sulfated products have confirmed that the major bands correspond to the a and 8 subunits of LH, as indicated in Fig. 1 . The low molecular weight material (arrow) has not been identified.
Sulfate incorporation is proportional to concentrations of both Golgi membrane and LH (Fig. 2) . A linear dependence on time of incubation is also found, with maximal labeling occurring by 24 hr. Subcellular Localization of Sulfotransferase Activities. To determine the subcellular location of the sulfotransferase enzyme(s), membrane fractions were purified from bovine pituitaries. Glucose-6-phosphatase and galactosyltransferase activities were used to identify SER and Golgi fractions, respectively, and to assess their relative purity (7) . The specific activity of galactosyltransferase in the Golgi fraction was about 4.5-fold greater than in the SER fraction.
The Golgi fraction is the most enriched for LH sulfating activity (Fig. 3, lane 1 Comp -LH -Tx -Gol -En -S-100 -S-OO* -BME +Boil sulfotransferase activity seen with the SER and Golgi/SER fractions may reflect either the presence of sulfating enzyme(s) in these organelles or contaminating Golgi membranes. While Golgi membranes contain the greatest amounts of sulfating enzymes, total cellular membrane fractions, prepared as described (8) , can also be used in the cellfree sulfation system.
A pituitary secretory granule fraction, identified as vesicles by electron microscopy, is devoid of sulfation activity (lane 6). Mixing secretory granules with Golgi membranes does not eliminate the ability of the latter to sulfate LH (lane 7). Thus, secretory granules do not contain inhibitors of the cell-free system.
Tissue and Substrate Specificity of Glycoprotein Hormone Sulfation. While the a subunits of bovine LH and hCG contain similar amino acid sequences, only LH is sulfated in vivo. To determine if this difference is due to tissue-specific sulfotransferases, membrane fractions from human placenta, bovine pituitary, and rat liver were compared in the cell-free system (Fig. 4) System. Since sulfation of amino acids (12) and carbohydrate is known to occur in vivo, it was necessary to establish that the cell-free system is sulfating only the oligosaccharides of LH. Sulfated products of the cell-free system were separated by NaDodSO4/PAGE, and the a and f3 subunits of LH were individually electroeluted. Treatment of a subunits with Endo F, which cleaves complex, high-mannose, and hybrid oligosaccharides (13) , releases all the sulfate from the protein. Greater than 80% of the released sulfate binds to concanavalin A-Sepharose, which is specific for mannose-containing carbohydrate chains (14) . This suggests that all the sulfate is attached to asparagine-linked oligosaccharides. (Fig. 5b) and no disulfated species. The oligosaccharides resistant to Endo H and cleaved by Endo F consist of the remaining S-1 species and all the S-2 species (Fig. Sc) . The relative sizes of the Endo F-released products were assessed by HPLC under conditions that suppress the anionic character of the sulfated oligosaccharides and allow separation on the basis of size, with smaller oligosaccharides eluting earlier (10) . The unfractionated mixture of oligosaccharides released from LH a subunits by Endo F resolves as two major broad peaks (Fig. Sd) . These positions correspond to carbohydrate chains equivalent in size to 5-7 glucose units. When examined individually, S-1 is separated into two distinct species (Fig. Se) , while S-2 yields a single peak, with a smaller shoulder (Fig. Sf) . Thus, on the basis of both the apparent sulfate number and sugar content, the cellfree sulfated form of LH a subunit contains a heterogeneous population of sulfated oligosaccharides.
Comparison of Cell-Free Sulfation with Metabolic Labeling. To determine if the cell-free system simulates the in vivo sulfation reaction, we analyzed LH a subunits metabolically sulfated by intact pituitary cells. Purified a subunits from media and tissue were treated with Endo F to release the sulfated oligosaccharides. Separation of the secreted material by anion-exchange HPLC demonstrates that S-1 and S-2 are present in an approximately 70:30 ratio (Fig. 6a) , while the intracellular form has a ratio of 55:45 (Fig. 6b) . Ion-suppression HPLC shows that the metabolically sulfate-labeled oligosaccharides ( Fig. 6 c and d) rides from LH a subunits were obtained by digestion with Endo F (d), and anionic species S-I (e) and S-2 (f) were isolated from anionexchange separations as in a. Each was analyzed by ion-suppression amine absorption HPLC, using a mobile phase consisting of 3% (vol/vol) acetic acid titrated to pH 5.5 with triethylamine, and increased at a rate of 0.75%/min from an initial 15%. These oligosaccharides fall into the size range of glucose oligomers containing 5-7 residues. species is seen in both. Therefore, at this level of analysis the cell-free sulfation system accurately reflects the in vivo reaction.
Characterization of AshCG Sulfated in the Cell-Free System. Unlike that on LH, the label on cell-free sulfated AshCG does not appear to be attached to asparagine-linked oligosaccharides for the following reasons: First, while Endo F can be shown to cleave all the asparagine-linked oligosaccharides from labeled AshCG, it does not liberate the sulfate from either subunit. Second, exhaustive digestion with Pronase yields a sulfated product that neither is large enough to be a complex asparagine-linked oligosaccharide nor binds concanavalin A-Sepharose. Finally, treatment of labeled AshCG with anhydrous hydrazine, a procedure that specifically degrades peptide linkages and releases intact oligosaccharides (15), yields a sulfated molecule the size of a sulfated amino acid (data not shown). Thus, while removal of the sialic acid from the oligosaccharides of hCG renders it a sulfatable substrate, the asparagine-linked oligosaccharides are not the site of sulfate incorporation. While tyrosine sulfate is contained in many proteins (12) , preliminary experiments and purified on NaDodSO4/polyacrylamide gels. The a subunit was excised, and the oligosaccharides were released by digestion with Endo F. Each was then analyzed by anion-exchange HPLC (Left) and ion-suppression amine absorption HPLC (Right).
suggest that this amino acid is not the site of sulfate addition on AshCG.
DISCUSSION
Although sulfated oligosaccharides have been encountered on a number of glycoproteins (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) , little direct information regarding the enzymology of sulfation of N-and O-glycosidically linked oligosaccharides is available. This is largely due to a lack of cell-free systems for study. Analysis of the structures of the sulfated oligosaccharides of LH has indicated that they are unique, having terminal S04-GIcNAc and S04-GalNAc residues attached to the a-linked mannose residues of the oligosaccharide core (2) . In contrast, other Nlinked oligosaccharides contain sulfate linked to terminal mannose (16) and galactose (17) residues or to the asparagine-linked GlcNAc (17, 20) . The presence of sulfate on different sugars and at different sites within asparagine-linked oligosaccharides indicates that a number of specific sulfotransferases exist.
Golgi membranes are most enriched for sulfotransferase activity (Fig. 3) , implying that sulfation occurs late in the oligosaccharide processing pathway. This is consistent with the presence of sulfate on the terminal GlcNAc and GalNAc residues of LH oligosaccharides (2) , since these amino sugars are added to asparagine-linked oligosaccharides in the Golgi complex (26) .
Characterization of sulfated oligosaccharides obtained from whole-cell and cell-free labeling systems suggests that the latter duplicates the in vivo reaction. The cell-free, intracellular, and secreted sulfated oligosaccharides are all heterogeneous with respect to charge and underlying oligosaccharide structure. A significant portion of cell-free sulfated LH (Fig. 5) Rat liver Golgi membranes also sulfated LH in the cellfree system. Analysis of LH sulfated by liver Golgi membranes revealed that the label was located exclusively on Endo F-releasable oligosaccharides, yielding the same relative proportions of mono-and disulfated species as produced by pituitary Golgi membranes (data not shown). This implies that the LH molecule in part confers the signal for the extent of oligosaccharide sulfation, since the proportions of sulfated species are the same regardless of the origin of the sulfotransferases.
None of the membrane fractions tested were capable of sulfating hCG. AshCG is sulfated by both pituitary and placental membranes but not by liver. However, the sulfate incorporated into AshCG in the cell-free system is not conjugated to the oligosaccharides. Rather, it appears that the peptide portion of the molecule is the site of the modification. Therefore, the recognition signals and sulfotransferases involved in sulfation of LH and AshCG are distinct.
Transferrin and hCG contain identical asparagine-linked oligosaccharides (27) , yet asialotransferrin is not susceptible to sulfation by any of these membrane fractions (data not shown). Thus, the signal for sulfation of AshCG cannot be conferred by the oligosaccharide or the peptide alone and must result from a contribution from each.
Boiling LH had no major effect on incorporation of sulfate (Fig. 1) . Since there is clear evidence that sulfation is substrate and tissue specific, this result indicates either that the information required for recognition by the sulfotransferase(s) is not sensitive to denaturation or that any essential conformation is reestablished. This is in contrast to the GlcNAc-1-P transferase responsible for adding GlcNAc-1-P to the oligosaccharides of lysosomal hydrolases (28) . The ability of lysosomal enzymes to act as acceptors for this transferase is highly sensitive to denaturation.
Synthesis of greater amounts of gonadotropin a than /3 subunits results in the presence of both a/3 dimer and free a subunit (29) (30) (31) . The investigations in this paper were mainly of the a subunit from the aB dimer. However, analysis of the ,B subunit of LH and the uncombined a subunit demonstrated that they are also subject to sulfation of their oligosaccharides. Thus, dimerization of the a and /3 subunits is not a prerequisite for the sulfation reaction.
A number of other pituitary products are sulfated, including thyrotropin (2) , adrenocorticotropin (32, 33) , and other unidentified macromolecules (33) . While the pituitary stores these secretory proteins in granules, the placenta lacks such a morphologically distinct compartment and apparently stores little, if any, hCG. Thus, packaging of pituitary gonadotropins might be linked to granule-associated sulfotransferases. However, granule fractions exhibited no detectable activity (Fig. 3) , and thus sulfation of LH occurs prior to granule packaging. The presence of several sulfated glycoproteins in secretory granules, however, is consistent with a possible targeting role for this post-translational modifica- 
